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Abstract
We study the neutrino spin oscillations, i.e., neutrino spin precession caused by the neu-
trino interaction with matter polarized by external magnetic field (or, equivalently, by the
interaction of the induced magnetic moment (IMM) of a neutrino with the magnetic field).
In the analysis, we consider realistic conditions inside supernovae and discuss both the
Dirac and Majorana cases. We show that due to the interaction with the polarized matter
a neutrino flux from a supernova suffers additional attenuation at low neutrino energies.
Another possible effect is that when taken together the effects of conventional magnetic
moment and polarized matter can cancel each other so that under certain condition the
oscillations disappear. We note that this can lead to the appearance of a characteristic
maximum in the spectrum of electron neutrinos from supernovae. Accounting for neutrino
mixing (in the two-flavor approximation) can significantly increase (almost twice) the ef-
fective value of the IMM of the electron neutrino. As a result, electron neutrinos with
twice as high energy will be able to participate in the processes of spin conversion. Various
feedback mechanisms accompanying the considered phenomena are also discussed.
Keywords: Neutrino spin oscillations, Polarized matter, Magnetic fields, Magnetic
moments, Supernovae, arXiv: 1812.08635
1. Introduction
Investigation of electromagnetic properties of massive neutrinos, propagating in dense
matter, is of great importance for elementary particle physics [1], as well as for neutrino
astrophysics and cosmology [2–4].
It is of common knowledge that massive neutrinos can posses dipole magnetic moments
µij (diagonal for i = j and transition for i 6= j; indices i and j denote neutrino mass states)
[1, 5–10]. Only Dirac neutrinos can have diagonal magnetic moments that lead to the
spin oscillations phenomenon (i.e. helicity precession) in strong magnetic field [5, 11, 12].
Transition magnetic moments of massive Dirac and Majorana neutrinos interacting with
magnetic field induce spin-flavor oscillations (the helicity precession accompanied by the
change of neutrino flavor) [6, 13].
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In the framework of the minimally extended Standard Model (SM) with right-handed
neutrino singlets added, the diagonal magnetic moment of the neutrino appeared to be
very small [5]:
µii = µ =
3eGFm
8
√
2pi2
≃ 3.2× 10−19µB
( m
1 eV
)
, (1)
where e is the absolute value of the electron charge, m is the neutrino mass, µB = e/2me
is the Bohr magneton. The corresponding predictions for transition magnetic moments
give even smaller values [1, 2, 8]. Some extensions to the SM predict substantially larger
values for the magnetic moments (for a review, see [1]), and they do not contradict current
experimental data. Experiments with reactor and solar neutrinos give bounds at a level
µ ≤ (2.8−2.9)× 10−11µB [14] (see also [15, 16]), the analysis of astrophysical data lead to
more stringent restriction: µ ≤ (1.1−2.6) × 10−12µB [17]. Values for magnetic moments
close to the above mentioned restrictions, turned out to be rather attractive for theoretical
description of some astrophysical and cosmological phenomena [1, 2, 4, 10].
Nevertheless, there are certain reasons to consider the neutrino magnetic moments to be
substantially smaller than the experimental bounds, even if one takes into account “new
physics” beyond the minimally extended SM. In particular, in [18] (see also references
therein and [10, 19]) on the basis of general model-independent analysis it is claimed that
the Dirac neutrino magnetic moment must be bound at a level µ ≤ 3 × 10−15µB. There
exist also very stringent cosmological bounds (see [4] and references therein, and also [20]).
The study of neutrino interactions with background medium enables revelation of vari-
ous new mechanisms of neutrino spin oscillations, in which the helicity precession can take
place without participation of the magnetic moment. First of all, it should be mentioned
that spin oscillations can be caused by the interaction of a neutrino with moving medium,
whose motion is transversal to the neutrino momentum. This effect has been predicted in
[21] (see also [22]), but has attracted a considerable interest later (see, for instance, [23, 24];
a complete list of the relevant references can be found in [24–26]).
On the other hand, it is well known that when a neutrino moves in a dispersive medium
the effective vertex of electromagnetic neutrino interaction is modified [27–30]. Interaction
of neutrinos with particles of background matter (for example, with electrons, if a neutrino
propagates in an electron plasma), leads to the appearance of new electromagnetic neutrino
characteristics that can take place only in the medium. One such characteristic is the
induced neutrino magnetic moment, which corresponds to the contribution of pseudovector
currents of medium particles into the effective vertex of neutrino interaction [28, 31, 32].
The induced magnetic moment (IMM) can reach very high values in a medium. In
particular, if the medium is a degenerate electron gas (the collapsing core of supernova,
the interior of a neutron star), the IMM of the electron neutrino is given by [31]
µind = −eGFpF
4
√
2pi2
≃ −2.2× 10−13µB
( pF
1MeV
)
, (2)
where pF is the Fermi momentum of the electron gas
pF =
√
µ2e −m2e ≃ 130×
( ne
1037 cm−3
)1/3
MeV, (3)
2
µe and ne are the chemical potential and number density of electrons (see also [33, 34]
and references therein). For other neutrino flavors the sign of IMM is opposite to that of
electron neutrino.
Formula (2) refines the corresponding expression for IMM found earlier in [33, 34].
(The expression (2) differs from them by a common factor −1/2; this is confirmed by the
independent verification1, and also by our calculations here, see Section 2).
Note that the IMM of neutrino was studied in a considerable number of works (for
example, [27–29, 32], a more complete list can be found in [24, 34]). These investigations
were mainly aimed at obtaining and analyzing the dispersion relations for neutrinos. Later
the attention was drawn to the possibility of massive neutrino helicity change due to the
interaction of the IMM with an external field [24]. A detailed study of the massive Dirac
neutrino spin evolution in this problem was carried out for the first time in Refs. [33, 34].
The investigation was performed on the basis of the modified Dirac equation, taking into
account the IMM contribution to the effective vertex of neutrino interaction with the
external field. However in [33, 34], other types of neutrino interactions with background
medium were not considered, in particular the effective neutrino potential in matter (the
Mikheyev-Smirnov-Wolfenstein (MSW) potential [36, 37]).
In this letter, we further investigate neutrino spin oscillations caused by IMM, as well as
by the simultaneous interaction of neutrino IMM and magnetic moment with an external
magnetic field, taking consistently into account the effective neutrino potential in matter.
Possible astrophysical consequences of the obtained results are analyzed. For the neutrino
we consider both Dirac and Majorana cases and take matter to be homogeneous and at
rest.
It should be noted that there exist another approach to physical interpretation of the
phenomena described above. One may consider that the modification of the dispersion law,
as well as the neutrino helicity evolution, occurs not due to the interaction of the IMM
with external magnetic field, but rather due to neutrino scattering on medium particles
polarized by the field (see, for example, [38, 39], and also [24]). It is asserted that both
points of view are equivalent and lead to the same results. As far as we know, a rigorous
proof of this statement (for arbitrary neutrino energies and for arbitrary values of the
magnetic field) is currently missing in the literature. Our paper can be considered as a
proof of the above statement in the particular case of relativistic neutrinos (Eν ≫ mν) and
relatively weak external magnetic field (see Eq. (6)) in a medium at rest.
In this article, we will mainly follow the second approach (assuming that neutrinos
interact with polarized particles of the medium), since it allows us to take consistently into
account both the polarization of the medium and neutrino MSW potentials in matter.
1The IMM of the Dirac neutrino moving in a degenerate electron gas was independently calculated in
Refs. [35] (and was called there as “plasma correction to anomalous magnetic moment of neutrino”). The
expression for IMM (provided that the corresponding contribution is correctly extracted from the radiative
correction to neutrino energy) exactly reproduces the result (2).
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2. Spin oscillations of Dirac neutrino in polarized matter
First of all we consider spin oscillations of a Dirac neutrino caused by its interaction
with a polarized medium, neglecting the contribution of the magnetic moment due to
smallness of its value (1) in the SM.
The additional energy, needed to describe spin oscillations of neutrinos coherently in-
teracting with background particles, is obtained from the phenomenological Lagrangian
that takes into account possible effects associated with matter motion and polarization
[40] (see also [22, 41])
∆Leff = −fµ
(
ν¯ γµ
1
2
(
1 + γ5
)
ν
)
, (4)
where γ5 = −iγ0γ1γ2γ3, and the 4-vector fµ in the case of non-moving electrically neutral
matter has the following components
fµe =
GF√
2
{2ne − nn, −ne〈ζe〉} , fµµ =
GF√
2
{−nn, ne〈ζe〉} (5)
for electron and muon neutrino, respectively (the case of tau neutrino is analogous to that
of muon one). Here ne and nn are number densities of electrons and neutrons, 〈ζe〉 is the
mean value for the polarization vector of the medium electrons [22, 38, 41]. It is assumed
that electrons give the predominant contribution to the polarization of the medium, and
neutrino mixing is not taken into account so that neutrino states with definite mass at the
same time have definite flavor.
The external magnetic field is the source of the matter polarization2. In particular,
the polarization of a degenerate electron gas arises from electrons occupying the ground
Landau level, and in the weak-field limit
eB ≪ p2F (6)
is linear in magnetic field B [38]. Substituting into Eq. (5) the explicit expression for 〈ζe〉,
found for these conditions in [38], we obtain
fµe,µ =
{
Ve,µ , ∓2µindB
}
, Ve =
√
2GF (ne − nn/2) , Vµ = −
√
2GF nn/2, (7)
where µind is given by Eq. (2). Without account for the potential Ve in the expression for
fµe , from the additional Lagrangian (4) it is possible to recover the Dirac equation for the
electron neutrino with IMM that completely coincides with the one used for description of
the neutrino spin dynamics in [33, 34].
Neutrino spin oscillations are typically described by the effective equation for the evolu-
tion of helicity amplitudes, which has the form of the Schro¨dinger equation (see for instance
[12])
i
∂
∂t
(
νs=−1e
νs=+1e
)
= (Hvac +Hmatt +HM)
(
νs=−1e
νs=+1e
)
, (8)
2Various schemes of neutrino oscillations with account for the matter polarization were studied in
[22, 41]. In these papers the polarization was not assumed to be caused by a magnetic field.
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where s = ±1 is the neutrino helicity, Hvac is the term of the effective Hamiltonian re-
sponsible for vacuum oscillations (in our case it is proportional to the identity matrix, and
we will neglect it), HM is the term responsible for the interaction of magnetic moments
with magnetic field (it will be considered in Section 3), Hmed is the contribution of matter,
defined as 2×2-matrix with elements 〈νse |∆Heff |νs′e 〉, where ∆Heff is the Hamiltonian, fol-
lowing from (4). To calculate the matrix elements, it is convenient to use the solutions of
the free Dirac equation with an explicitly determined dependence on the neutrino helicity;
these solutions can be found in Ref. [42]. As a result, we find
Hmatt =
(
Ve + 2µ
indB‖ −µindγ−1B⊥
−µindγ−1B⊥ 0
)
, (9)
where B‖ and B⊥ are the longitudinal and transverse components of the magnetic field
(with respect to the direction of neutrino motion), γ = Eν/mν is the neutrino gamma-
factor.
The solution to equation (8) accounting for (9) for the case of constant matter density
and magnetic field in terms of transition probability νs=−1e → νs=+1e at the time t is
P (t) =
(2µindγ−1B⊥)
2
(Ve + 2µindB‖)2 + (2µindγ−1B⊥)2
sin2
{√
(Ve + 2µindB‖)2 + (2µindγ−1B⊥)2
t
2
}
.
(10)
In most of the real astrophysical conditions, for example, in a collapsing supernova, the
probability (10) turns out to be very small. This is because in (10) the magnitude of the
potential Ve typically is much larger than the terms containing B due to the condition (6)
[38, 39].
However as it follows from (7), the MSW potential of the electron neutrino Ve can
turn to zero and in this case there can be realized conditions for the resonant transition
of left-handed electron neutrinos produced in the supernova core, into sterile right-handed
states that practically do not interact with matter. Indeed, the expression for Ve in (7)
can be presented in the form [12, 43]
Ve =
√
2GF
ρB
mN
(Ye − Yn/2) = GF√
2
ρB
mN
(3Ye − 1) , (11)
where ρB is the mass density and ρB/mN = nB = nn+np is the number density of nucleons,
Ye = ne/nB = np/nB, Yn = nn/nB is the number of the electrons, protons and neutrons
per baryon, respectively. The resonance condition for neutrino spin oscillations following
from (11) reads as
Ye ≈ 1/3. (12)
Condition (12) can be realized in the envelope of the collapsing supernova. The neut-
ronization pulse, during which the star emits electron neutrinos only [44] (lasting the first
∼ 25 ms after the core bounce), is accompanied by a substantial deleptonization of the
stellar matter. As a result, a characteristic dip occurs in the radial dependence Ye(r) (r is
the distance from the center of the star) when Ye first falls down to ∼ 0.1, and then increases
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to Ye ∼ 0.5 [45]. Therefore, there must exist a point (at dYe/dr > 0), in which the resonance
condition (12) is satisfied (see also [46]). We note that these features of the dependence
Ye(r) are retained for a time longer than the duration of the neutronization pulse [45].
Thus the condition (12) can also be satisfied for electron neutrinos (and antineutrinos)
emitted during the subsequent phases of neutrino emission by the star3.
The resonance condition in a collapsing supernova (12) corresponds to density ρB ∼
109−1012 g/cm3 above the neutrinosphere4 [46, 48–50]. For effective conversion of neutrinos
at the resonance point, the adiabatic condition must be satisfied, requiring that the width
of the resonance is of the order of or greater than half of the oscillation length [52, 53]. In
our case this lead to condition
κ =
2(2µindν γ
−1B⊥)
2
|dVe/dr| & 1. (13)
If the adiabaticity parameter κ ≫ 1, then a complete conversion of the left-handed neu-
trinos into the right-handed takes place. When the adiabaticity condition is violated the
survival probability can be estimated by the Landau-Zener formula [53, 54] (see also [55])
Pνs=−1e →νs=−1e = exp
(
−pi
2
κ
)
. (14)
Condition (13) leads to the following restriction on the strength of the magnetic field:
B & 1.2× 1012γ
(
ρB
1012 g/cm3
)1/6(
dYe/dr
10−8 cm−1
)1/2(
Ye
1/3
)−1/3
G. (15)
Conditions (13) and (15) depend on the neutrino gamma factor γ = Eν/mν , and this
is an interesting feature of the phenomenon under consideration. If we fix the value of
the field strength B, then neutrinos with lower energies will be more efficiently converted
into right-handed than neutrinos with higher energies. On the other hand, the greater
the neutrino energy, the stronger the field is required to satisfy the adiabaticity condition
(15). In addition, condition (15) turns out to be very sensitive with respect to the value of
dYe/dr. That is, for effective neutrino conversion, a smooth dependence Ye(r) is needed.
The field strength is also bounded from above, since we use the weak-field approximation
(6). From Eq. (6) with account for (3) we obtain
B ≪ 2.2× 1017
(
ρB
1012 g/cm3
)2/3(
Ye
1/3
)2/3
G. (16)
3The resonance condition (12) can also be realized in compact object mergers (see, for example, [47, 48]),
as well as in models involving sterile neutrinos [49, 50].
4The effective potential (11) could also include a term corresponding to neutrino interaction with
neutrinos of the medium (νe−νe scattering). This could change the resonance condition (12), see Section 6.
In our case, this term can be neglected, since in the considered region the neutrino density is much lower
than the electron one [49, 50]. See, however, the discussion in [51].
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Figure 1: The survival probability for neutrino with negative helicity as a function of neutrino energy:
(a) – for Dirac neutrino, (b) – for Majorana neutrino; Line 1: dYe/dr = 10
−8 cm−1, Line 2: dYe/dr =
10−9 cm−1, Line 3: dYe/dr = 10
−10 cm−1; ρB = 10
12 g/cm3, B = 6.6× 1016 G, Ye = 1/3.
Fig. 1a shows the probability of the resonant transition (the survival probability νs=−1e →
νs=−1e ) depending on the neutrino energy and on the value of the electron fraction gradient
dYe/dr. It can be seen that there is a region of relatively low energies where neutrinos
undergo conversion from left- to right-handed almost completely, followed by a region of
energies where neutrinos are only partially converted. Finally, at high energies, the neu-
trino conversion is almost absent, that is, the so-called strong adiabaticity violation is
realized [53].
The energy range where the conversion takes place is determined by the value of dYe/dr.
For example, for dYe/dr ≃ 10−9 cm−1 (the curve 2 in Fig. 1a) the conversion affects
neutrinos with energies up to 1 MeV (for mν ≃ 1 eV [56]). At that, neutrinos with
energies up to 0.1 MeV are converted completely. For dYe/dr ≃ 10−8 cm−1 the overall
picture of the transitions is preserved, but the energy boundary at which the conversion
becomes effective shifts towards lower energies (see Fig. 1a).
The derivative dYe/dr depends on the time elapsed since the core bounce and behaves
differently in different models of collapse. First, we note that the value of dYe/dr ≃
10−9 cm−1 is characteristic for small time intervals (t < 3 ms) following the bounce [57]
(thus our effect will lead to suppression of the low-energy part of the spectrum of the initial
neutrino flux). Then, there appears the above mentioned dip in the Ye(r) dependence.
Further, the derivative dYe/dr decreases at the point Ye = 1/3 for some time, and by
≃100−150 ms after the bounce reaches a level of ∼10−9−10−8 cm−1 [49, 57–59]. After that
dYe/dr grows fast, and by ∼500 ms the effect of neutrino flux attenuation should disappear.
By this means, we predict the attenuation of the low-energy part of the neutrino signal
from the supernova for some limited time after collapse. We emphasize that so far we have
not taken into account the presence of the neutrino magnetic moment, assuming that it is
small (1) and does not affect the neutrino spin dynamics.
We note that for the estimates above, we have used the value of the field strength
equal to B = 6.6× 1016 G, that satisfy the condition (16). This value does not contradict
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current research, according to which the generated in supernova envelope fields can reach
magnitudes ∼1016−1017 G [60].
3. Spin oscillations of Dirac neutrino with the magnetic moment
in polarized matter
In this section, we consider spin oscillations of Dirac neutrinos, caused not only by
the interaction with polarized medium, but also by the “direct” interaction of the neu-
trino magnetic moment with the magnetic field. Spin oscillations caused by the magnetic
moment (without taking into account the matter polarization) have been considered in a
number of papers, see, for instance5, [5, 11, 12, 43, 46, 62, 63] (a more complete list can be
found in [1]). The corresponding contribution to the effective Hamiltonian in Eq. (8) has
the form [1, 64, 65]
HM =
(
µνγ
−1B‖ −µνB⊥
−µνB⊥ −µνγ−1B‖
)
, (17)
where µν is the diagonal neutrino magnetic moment. Using (17) the evolution equation
(8) leads to the following expression for the probability of the transition νs=−1e → νs=+1e at
time t (to be compared with Eq. (10)):
P (t) =
(
2(µindν γ
−1 + µν)B⊥
)2
(2(µindν γ
−1 + µν)B⊥)
2 +
(
Ve + 2(µindν + µνγ
−1)B‖
)2 sin2
{√
D
t
2
}
, (18)
where D is the denominator of the pre-sine factor.
The most important feature of expression (18), which is manifested when the magnetic
moment and the medium polarization influence the neutrino spin dynamics simultaneously,
is the possibility for disappearance of oscillations under the condition
µindν γ
−1 = −µν . (19)
Equality (19) can be realized if the quantities µindν and µν have different signs. This is
precisely the case for the electron neutrino in minimally extended SM, see (1) and (2).
Indeed, from (18) it follows that at the resonance point Ye ≈ 1/3 (neglecting, as before,
the longitudinal field effects) and when (19) is fulfilled, the frequency of spin oscillations√
D → 0.
Note that the effect of ceasing the neutrino helicity conversion in an external magnetic
field on the condition (19) was first predicted in [34].
The main features of the resonant transitions of the left-handed electron neutrinos into
sterile right-handed states in the collapsing supernova can be understood from the analysis
of the adiabaticity condition, which now should read as
κM =
2(2(µindν γ
−1 + µν)B⊥)
2
|dVe/dr| & 1, (20)
5In papers [61], the spin dynamics of a Dirac neutrino with a magnetic moment in an external field and
in a medium is considered, but the neutrino helicity is determined by a method different from ours.
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Figure 2: The survival probability for Dirac neutrino with magnetic moment and with negative helicity
depending on the neutrino energy: dYe/dr = 10
−9 cm−1, ρB = 10
12 g/cm3, B = 6.6× 1016 G, Ye = 1/3,
µν = 5× 10−17µB. The dashed line corresponds to the conversion due to the magnetic moment only.
and from Eq. (14). Since we are in the same framework of basic assumptions concerning the
medium and the magnetic field as in Section 2, the resonance condition for spin oscillations
(12) does not change. On the basis of the data used in Section 2 we have µindν = −7.9 ×
10−12µB, and let us for definiteness set µν = 5× 10−17µB.
If the neutrino energy is not very high i.e.
∣∣µindν γ−1∣∣ ≫ |µν |, then the effect of matter
polarization on the conversion process at the resonance will be determining (see Fig. 2),
and the survival probability νs=−1e → νs=−1e behaves the same way as in the absence of
a magnetic moment (Fig. 1a). Further, with increasing neutrino energy, the condition∣∣µindν γ−1∣∣ ∼ |µν| becomes valid. In this case, the survival probability rises sharply to the
value Pνs=−1e →νs=−1e = 1, so that there are no transitions with change in the helicity. In
our case (Fig. 2), the maximum of the probability corresponds to the energy ∼0.16 MeV;
for a larger value µν , the maximum is achieved at lower neutrino energies. And finally, at
|µν | ≫
∣∣µindν γ−1∣∣, the magnetic moment will have a determining influence on the conversion
process. The degree of attenuation of the neutrino flux will depend on the adiabaticity
condition for the transitions that are due to the magnetic moment only [46]. As can be
seen from (20), it does not depend on energy, so in this case the conversion will affect
neutrinos of all energies.
It should be noted that observations of the characteristic maximum in the spectrum
of electron neutrinos from supernova (see Fig. 2) at relatively low energies E . 1 MeV,
may indicate that neutrinos can possess a sufficiently large magnetic moment (for our
conditions, at least µν & 10
−17µB).
4. Spin oscillations of Majorana neutrino in polarized matter
As it is known, the Majorana neutrino, being identical to its antiparticle, can not possess
a diagonal magnetic moment in the vacuum (see, for example, [1] and literature cited
therein). The IMM of such a neutrino in a medium, however, can be non-zero if there is no
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symmetry between background particles and antiparticles [24, 28, 29]. Consequently, spin
oscillations, caused by the interaction of the Majorana neutrino with a polarized medium,
can take place. The difference from the Dirac case is that left-handed neutrinos transit to
right-handed states, which are no longer sterile. According to the existing terminology, it
is customary to call Majorana neutrinos with right helicity as “antineutrinos”, since their
weak interactions are the same as those of the Dirac antineutrinos [1].
The effective Hamiltonian for Eq. (8) that describes the interaction of Majorana neutri-
nos with matter accounting for polarization of the electrons can be obtained by an analogy
with (9) on the basis of the effective Lagrangian for Majorana neutrino ∆Leff [66]:
HMmed =
(
Ve + 2µ
ind
ν B‖ −2µindν γ−1B⊥
−2µindν γ−1B⊥ −Ve − 2µindν B‖
)
, (21)
where the notations coincide with those used in (9). Further, performing calculations
analogous to ones in section 2, one can obtain an expression for the probability of the
transition νs=−1e → νs=+1e in a magnetic field where the amplitude factor will coincide with
the corresponding factor in (10), and the oscillation frequency is doubled in comparison
with (10).
Applying our results to description of the resonance transitions νs=−1e → νs=+1e (i.e.
νe → ν¯e) in the conditions of the collapsing supernova (see section 2) we first of all observe
that the resonance condition (12) does not change. The adiabaticity condition (13) must
be modified, the parameter κ in the case of Majorana neutrinos doubles: κ → 2κ. This
leads to the fact that in the conversion νe → ν¯e involved will be higher-energy neutrinos in
comparison with the Dirac case (with energies up to ∼2 MeV under the same conditions
as in the section 2, see Fig. 1b). Other conclusions of section 2 hold for the case of the
Majorana neutrino, with the difference that now we should speak not about attenuation,
but about distortion of the low-energy part of the neutrino signal from the supernova
associated with the resonance conversion νe ⇆ ν¯e.
5. Effects of neutrino mixing
Now we discuss the impact of neutrino mixing on the phenomena under consideration.
It is known that in general the mixing can reduce the value of neutrino electromagnetic
moments [15, 16].
Let us consider in more detail the situation concerning the IMM, using the two-flavor
approximation. First, we transit into the flavor basis using the relations
ν±e = ν
±
1 cos θ + ν
±
2 sin θ, ν
±
µ = −ν±1 sin θ + ν±2 cos θ, (22)
where the sign “±” denotes the helicity of the neutrino state. Exactly these states should
be used in calculating the effective evolution Hamiltonian (which is now a 4×4-matrix). As
a result we obtain that for the electron neutrino the equation governing transitions with
change of helicity coincides with (8), but the Hamiltonian Hmatt now has the form
Hematt =
(
Ve + 2µ
ind
ee B‖ −µindee γ−1B⊥
−µindee γ−1B⊥ 0
)
, (23)
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where µindee = µ
ind(1 + sin 2θ) is the IMM of the electron neutrino in the flavor basis6,
µind is given by the usual formula (2). In equation (23) we have adopted the following
approximation γ−1 ≈ γ−11 ≈ γ−12 ≈ γ−112 , where γ−11,2 = m1,2/E1,2 and γ−112 = (γ−11 + γ−12 )/2.
By this means, γ is the common neutrino γ-factor. It is clear that, using the method
described above, one can also obtain the generalization of the effective Hamiltonian (21)
for Majorana neutrino.
One can see that the modification of the Hamiltonian describing the interaction of the
left-handed neutrino with a polarized medium (23) leads to effective shift of the IMM,
µind → µindee = µind(1+ sin 2θ). Therefore, using the solar neutrino mixing angle (according
to the latest data [68], θ12 ≃ 34.5◦, hence sin 2θ ≃ 0.93), we have an almost twofold increase
in the IMM value.
This leads to the following changes in description of the phenomena presented above.
First, we have an increase in adiabaticity for neutrino transitions. In the expressions for
adiabaticity parameters (13) and (20), it is necessary to make a replacement µind → µindee .
This means that neutrinos with even higher energies (up to ∼2 MeV for Dirac and up
to ∼4 MeV for Majorana neutrinos under the conditions discussed in sections 2 and 4)
will participate in transitions with a helicity flip. At the same time, the condition (15) is
softened, so that the range of the B field where the adiabaticity holds becomes twice as
wide due to its lower boundary reduction.
Second, the condition for disappearance of Dirac neutrino spin oscillations (19) due to
competition between the IMM and the diagonal magnetic moment now takes the form
µindee γ
−1 = −µee, (24)
where
µee = µ11 cos
2 θ + µ22 sin
2 θ + µ12 sin 2θ
is the effective diagonal magnetic moment of the electron neutrino in the flavor basis (see,
for example, [26, 69]), µij (where i, j = 1, 2) are magnetic moments in the mass basis, see
section 1. We note also that the condition (24) is realized at a neutrino energy twice as
large as in the formula (19).
It should also be noted that accounting for neutrino mixing leads to a decrease in the
effective IMM value of the muon neutrino, i.e. µindµµ = −µind(1 − sin 2θ). In addition, the
effect of disappearance of oscillations in the case of a muon neutrino is not realized, since
the IMM and diagonal magnetic moment of the muon neutrino have the same signs.
Let us also discuss if flavor transitions could modify substantially our results from previ-
ous sections. In principle, this can be the case if the resonance condition (12) overlaps with
other types of neutrino oscillation resonances. Here, we should stress that we investigate
oscillations among neutrino states with different helicity but specific flavor. The correspon-
ding transitions with the change of flavor in a magnetic field (spin-flavor oscillations) have
6Note that there are no transition induced moments of the type µind
eµ
, unless the nonstandard neutrino
interactions (NSI) are considered [67].
11
long been extensively studied in a number of publications and applied to supernova condi-
tions (see, for instance, [70, 71]). Together with purely flavor conversions in matter (the
MSW effect) for the conditions of supernovae they have been shown to appear in outer
regions with density ρ . 106 g/cm3. Relatively recently it has been recognized that down
the radius scale, in the densities range ρ ∼ 106−1010 g/cm3, the collective effects become
dominant (see, e.g. [72, 73]; for a review see [44, 74, 75]). And finally, as mentioned above,
the spin transition effect takes place in the region ρ ∼ 109−1012 g/cm3 with the highest
density in the close vicinity of the neutrino sphere.
6. Possible mechanisms of nonlinear feedback
Nonlinear feedback can have a significant impact on the processes of resonance neutrino
conversion, affecting both the survival probabilities and the adiabaticity of the transitions.
Various feedback mechanisms that can contribute to the phenomena under consideration
are discussed in the current literature.
6.1. Compensation of the neutrino-matter and neutrino-neutrino potentials
If an electron neutrino propagates in an environment in which other electron neutrinos
are present, then it is necessary to include into the consideration the potential Vνe describ-
ing the coherent neutrino-neutrino forward scattering (neutrino self-interaction potential)
[37, 76]. Let us first consider the simplest case of a homogeneous and isotropic neutrino
medium [37], then
Vνe = 2
√
2GF(nνe − nν¯e) = 2
√
2GF
ρB
mN
Yνe, (25)
where nνe and nν¯e are neutrino and antineutrino number densities, Yνe = (nνe − nν¯e)/nB is
the value of the neutrino fraction. The expression (25) for the neutrino potential should be
introduced into equations (9), (21), and (11) using the substitution Ve → Ve + Vνe . As a
result, from equation (11) we obtain the following resonance condition for spin oscillations:
Ye +
4
3
nνe − nν¯e
nB
= Ye +
4
3
Yνe =
1
3
. (26)
If the neutrino contribution to the full Hamiltonian (see (8)) is relatively small (as it was
assumed above), then (26) transforms to the usual resonance condition (12), i.e. Ye ≈ 1/3.
The feedback works as follows. Suppose that the resonance condition (26) is satisfied
at some initial moment. As a result, left-handed neutrinos begin to convert to right-
handed states. If they are Majorana particles, then such transitions are equivalent to
νe → ν¯e transitions. Therefore, the antineutrino number density nν¯e begins to grow. When
neutrinos pass through the resonance region, the value of Ye increases (see section 2). If the
variation rates of Ye and nν¯e are close, then after some time the resonance (26) will appear
again. As a result, if Ye increases sufficiently slowly, then the resonance condition can be
fulfilled several times during the entire transition. In this case, the condition Ve+Vνe ≈ 0
holds during the entire transition, i.e., there will be an almost complete compensation of
the neutrino-matter and neutrino-neutrino potentials.
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In addition, we note that the adiabaticity condition now has the form (compare with
(13), see also section 4)
κ =
4(2µindν γ
−1B⊥)
2
|dVe/dr + dVνe/dr|
& 1. (27)
Derivatives in the denominator of the expression (27), averaged over the entire transition
length, can almost completely compensate each other. This will lead to a significant
increase in adiabaticity during the entire transition. As a result, neutrinos with even
larger energy values (as compared to those considered in sections 4 and 5) will be involved
in the conversion νe → ν¯e.
From the physical point of view, the feedback mechanism considered here is analogous to
the matter-neutrino resonance (MNR) phenomenon, which can occur, as expected, during
flavor conversion of neutrinos produced in compact astrophysical object mergers [77].
The considered feedback mechanism is also manifested in neutrino-antineutrino transi-
tions, which are realized near astrophysical objects due to the phenomenon of spin coher-
ence [23, 78]. These transitions occur with a helicity flip, and for Majorana neutrinos they
are equivalent to ν ⇆ ν¯ transitions. However, here the helicity is flipped not due to the
interaction with a medium polarized by a magnetic field, but due to the interaction with
a moving medium (with flows of matter particles and neutrino fluxes), when the medium
velocity has a component perpendicular to the direction of the neutrino propagation (on
this item, see also section 1).
The above-mentioned phenomenon has been analyzed in detail in a number of papers
(including feedback), in particular, in [79, 80] (in the case of a collapsing supernova), and
also in [81] (in the case of neutron star mergers).
If in expression (25) one takes into account the motion of neutrinos of the medium (see,
e.g., [82]) then the conversion ν → ν¯ will occur both due to interaction with the polarized
medium, and due to interaction with the moving medium. The resonance conditions for
these processes turned out to be close, and the resonance regions may overlap. Conse-
quently, it is necessary to consider the joint action of both mechanisms causing a flip of
neutrino helicity.
6.2. Effect of oscillations on the electron fraction Ye
In this feedback mechanism, an essential role is played by neutrino (antineutrino) cap-
ture reactions by free nucleons near the neutrino sphere:
νe + n→ p+ e−, ν¯e + p→ n+ e+. (28)
These processes provide the heating of the matter over the neutrino sphere and cause the
neutrino-driven wind [45, 83].
In addition, the reactions (28) (as well as the reverse processes) set the value of Ye and,
therefore, determine the conditions for nucleosynthesis in neutrino heated outflows [83–86].
Neutrino oscillations of different types (flavor and spin oscillations) can affect the rates
of the reactions (28) (see, for example, [84]), and therefore they can change the value of
Ye. And this, in turn, can affect the dynamics and nucleosynthesis of supernovae. On the
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other hand, a change in the Ye profile can have a backward effect on the oscillations, in
particular, on the adiabaticity of transitions.
This type of feedback is most often considered in the context of flavor oscillations
involving sterile neutrinos [49, 50, 87–90]. In particular, in papers [50, 90] it was shown
that taking this feedback into account can lead to a decrease in the derivative dYe/dr in
the resonance point, and this leads to a significant increase in adiabaticity for transitions
between active and sterile neutrinos.
The influence of the considered type of feedback on neutrino spin oscillations remains
an open question, both in the case of transitions due to spin coherence [79, 80], and in our
case of spin oscillations in a polarized medium. Conducting the relevant research is the
task of the near future.
7. Conclusion
In the present work we have considered helicity transitions (spin oscillations) of massive
neutrinos interacting with matter polarized by an external magnetic field. Conditions
are determined under which these transitions will have a resonant character in collapsing
supernova matter.
For Dirac neutrinos, the transitions νs=−1e → νs=+1e are at the same time transitions to
sterile states of right-handed neutrinos. In this regard, we predict the attenuation of the
low-energy part of the neutrino signal from the supernova (for νe with energies . 1 MeV)
for some limited time after the core bounce.
In the case where the Dirac neutrino has a sufficiently large magnetic moment, the
“direct” interaction of the neutrino magnetic moment with the magnetic field can cancel
the influence of the polarized medium under certain conditions. As a result, there will
be an effect of oscillations disappearance, accompanied by a sharp increase of the survival
probability without helicity change in a certain energy range of neutrinos. Observation
of the characteristic maximum in the spectrum of electron neutrinos from supernova at
relatively low energies E . 1 MeV may indicate that neutrinos possesses a magnetic
moment with a magnitude of at least µν & 10
−17µB for the conditions considered above.
Interaction with the polarized matter leads also to spin oscillations of the Majorana
neutrinos. For Majorana neutrinos, the transitions νs=−1e → νs=+1e are at the same time
the neutrino-antineutrino transitions. This phenomenon will lead to distortion of the low-
energy part of the neutrino signal from the supernova.
Accounting for neutrino mixing (in the two-flavor approximation) can significantly in-
crease the magnitude of the effective induced magnetic moment (IMM) of the electron
neutrino in the medium and, as a consequence, increase the adiabaticity of transitions.
This will lead to the fact that neutrinos with even higher energy values (up to ∼2 MeV
for Dirac and up to ∼4 MeV for Majorana neutrino under the conditions discussed in
sections 2 and 4) will be involved into the transitions with the helicity flip. Along with
this, the mixing will lead to a decrease in the effective value of IMM (and to a decrease in
adiabaticity) for the muon neutrino. In addition, in the case of a muon neutrino, there will
be no effect of oscillations disappearance as a result of the compensation of the interaction
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of the intrinsic magnetic moment with a magnetic field and the influence of a polarized
medium.
Section 6 provides a brief overview of the feedback mechanisms that accompany the
neutrino conversion processes and can lead, in particular, to an additional increase in the
adiabaticity of neutrino transitions with a helicity flip.
In conclusion, we note that a detailed observation of the low-energy part of the neutrino
signal from supernovae will be possible with new neutrino detectors which employ the
phenomenon of neutrino coherent scattering by nuclei and which have a low threshold
energy (of the order of several keV or even lower) [44, 91].
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